The possibility of using the rejected heat from lignite-fired power plants for heating greenhouses in northern Greece has been examined. Although currently industrial waste heat is used for district heating in a few towns in Greece, its use in agriculture has not been reported so far. Due to many environmental and economic benefits symbiosis of industrial and agricultural activities is promoted in many countries. Greenhouses in northern Greece utilize mainly natural gas as heating fuel. However heat recovery from the existing power plants and its use in greenhouses could increase their energy efficiency and reduce the thermal pollution. It will also decrease the use of fossil fuels in greenhouses and the resulting carbon emissions as well. Their heating requirements have been estimated at 170 W/m 2 and the required hot water temperatures are 50-60 o C below the required water temperature in district heating systems, at 120 o C. Currently the price of heat sold in the district heating system in the town of Kozani is 0.0435 €/KWh, which is very attractive for heating greenhouses compared with other existing methods or fuels. It has been estimated that the heat recovery from the power plants at 70 MWth could cover the heating needs of 41.2 ha of modern agricultural greenhouses in northern Greece. Recycling of industrial waste heat in greenhouses in northern Greece, apart from the resulting environmental benefits, will offer a competitive advantage, increasing the profitability of those enterprises.
Introduction
The use of waste heat from industrial processes replacing fossil fuels in various applications results in improvements of energy efficiency and in reduced carbon emissions. Fossil fuel fired power plants produce large quantities of waste heat, which, when rejected in aquatic reservoirs, creates heat pollution. The possibility of re-using industrial waste heat at temperatures below 100 o C for district heating or for heating greenhouses could result in many economic and environmental benefits. The circular economy is currently promoted in the European Union, including materials and energy recycling. Industrial symbiosis with urban and agricultural activities has been paid a lot of attention in the last years and various applications worldwide have proved the resulting economic and environmental benefits as well as the improvements in overall sustainability. development. However further synergies including energy utility synergies exist. The authors developed a methodology for energy recovery from industrial flue gases and its conversion to heat and electricity used in nearby applications. Ammar, Joyce, Norman, Wang, and Roskilly (2012) have reported on low grade thermal energy sources and uses from the process industry in the UK. The authors stated various efficient ways to use low grade heat rejected from the process industry, commenting on the limitations for low grade heat recovery. They concluded that organizational, financial and economic barriers should be removed in order to promote waste heat reuse in various applications. Karlopoulos, Pekopoulos, and Kakaras (2004) have published a report on district heating systems utilizing heat from lignite-fired power plants in Greece. The authors described the district heating systems in the city of Kozani in Northern Greece which is using hot water produced from the lignite power stations located 18 km away from the city. The installed thermal load was 70 MWth and the outgoing-return temperatures were 120-65 o C. The peak heating load in the city was covered with additional boilers using oil and LPG. Margaritis, Rakopoulos, Mylona, and Grammelis (2014) have studied the introduction of renewable energy sources in the district heating systems in Greece with reference to the towns of Kozani and Ptolemaida located in Northern Greece. Existing urban district heating systems in Greece are mainly utilizing waste heat from lignite power stations which are currently facing great challenges due to high pollution. The authors investigated three scenarios for replacing the waste heat from the lignite power stations including: a) The use of natural gas, b) The use of biomass in a CHP plant, and c) The use of a biomass boiler for heat production only. The authors concluded that the use of biomass for heat generation only is a good alternative to lignite power station waste heat for the district heating system in Kozani. Swithenbank, Finney, Chen, Yang, and Nolan (2013) have investigated waste heat usage in domestic, commercial and industrial buildings in the UK. The authors focused on waste heat produced from fossil-fuel power stations and waste incineration plants. They concluded that waste heat could be used in district heating systems which are not well developed in the UK, like in other EU countries. Pavlidis (2017) has reported on the experience from the use of district heating in the town of Kozani, northern Greece in the last sixteen years. The author stated that the public power company in Greece is providing 70 MWth to the municipality from the lignite power station of Ag. Dimitrios, which is going to be increased to 140 MWth. This heating load covers 95% of the annual needs for space heating and domestic hot water use in the town. He also stated that currently the price of heat sold to citizens, at 0.0435 €/KWh, is considered very attractive.
Waste Heat Use in District Heating Systems

Waste Heat Use in Heating Greenhouses
A report on waste-to-energy based greenhouse heating has been published by Chinese, Meneghetti, and Nardin (2005) . The authors studied the use of waste heat from a plant in north-eastern Italy for heating greenhouses. They concluded that coupling a greenhouse with a waste-to-energy plant, which was converting scraps of wood processing from the chair manufacturing industry, could represent an important step towards sustainable development. Andrews and Pearce (2011) have investigated the possibility of using waste heat from industrial processes for heating greenhouses in northern climates. The authors presented a case study for a tomato-producing greenhouse utilizing waste heat from a flat glass manufacturing plant. They concluded that using the industrial waste heat in the greenhouse was significantly more economic than a purely natural gas heating system. A report of an agricultural greenhouse heated with waste heat in the US has been presented by Manning and Mears (1983) . The greenhouse with an area of 1.1 hectares was using condenser-discharged water from the Pennsylvania power station as its primary heat source. The authors estimated an overall energy consumption of 3200 MWh per year per hectare while the water temperature in pipes placed on the floor was at 30 o C and the indoor air temperature was at 18 o C. Waste heat reuse from a power plant in Germany for heating greenhouses has been reported by Bredenbeck (1992) . The author stated that the cooling water from the 2700 MWel power plant, near Cologne, had an average temperature between 30-40 o C and the heating system was able to maintain an indoor air temperature at 22 o C even when the outside temperature was -14 o C. The total installed greenhouse area was approx. 5.3 hectares covered with single glass and thermal screens. Parker and Kiessling (2016) have implemented a study concerning low grade heat recycling obtaining synergies between waste heat and food production. The authors stated that heat recycling was a considerable enabler for food production. Waste heat resources are abundant, originating from thermal power stations as well as from other industrial processes. They concluded that the combination of waste heat with waste nutrient streams could have a positive impact on global food supply and sustainability. Leffler, Bradshaw, Groll, and Garimella (2012) have reported on alternative heat rejection methods in power plants. The authors stated that waste heat from those plants is commonly rejected in lakes or rivers, or through the use of cooling towers. They considered five alternative methods for recovering the rejected heat including cooling canals, open-water algae bioreactors, greenhouse heating, spray ponds and modified solar updraft towers. They concluded that three of the alternative methods examined including the algae bioreactor, greenhouse heating and the solar updraft tower generate secondary benefits. Maare (1992) has reported on the economical heat supply of greenhouse experiences presenting examples from Denmark. The author stated that the greenhouse farmers near Odense had formed a cooperative in order to use the waste heat from a nearby large combined heat and power station, with a district heat system, for heating their greenhouses. The greenhouse cooperative had 151 members who were able to keep the mean indoor air temperatures at 19 o C. The waste heat used in the greenhouses in Odense, Denmark resulted in annual savings of 65,000 tons of heavy oil.
Use of Non-Conventional Heat Sources for Heating Greenhouses
Vourdoubas (2016) has published a review on the use of sustainable energies in agricultural greenhouses. The author stated that energy requirements in modern greenhouses can be covered with sustainable energies including solar energy, biomass, geothermal energy, heat pumps, co-generation systems and reuse of waste heat. Papachristou et al. (2016) have reported on the geothermal energy use in Greece. The authors stated that low enthalpy geothermal fluids with temperatures at 60 o C are currently used for heating greenhouses in Greece. They described a tomato-and cucumber-producing modern hydroponic greenhouse located in Xanthi, Northern Greece, which utilized geothermal hot water at 60 o C. Modern hydroponic greenhouses, producing vegetables, have been recently created in northern Greece, using natural gas for covering their energy needs: http://www.agritex.gr; https://www.wonderplant.gr/en/company. Since Greece currently imports tomatoes, the potential for the creation of more greenhouses is high. Gousgouriotis, Katsiyiannis, and Georgilakis (2007) have assessed the economic viability of biomass heating systems with reference to two agricultural greenhouses located in Chalkidiki, Northern Greece. The heating load of the greenhouses was 170 W/m 2 and the annual heat demand for a 5000 m 2 greenhouse was 1519 MWh. The authors concluded that if the biomass price was low, at 50-75 €/ton, and a subsidy of 40% in the initial investment cost was offered, then the biomass heating system would be highly profitable. Vourdoubas (2015) has presented a case study of an agricultural greenhouse using solid biomass as heating fuel in Crete, Greece. The author stated that the annual heating needs of the greenhouse were 220 MWh per 1000 m 2 of covered area for keeping the indoor air temperature at 23 o C. He also estimated that the use of heating energy had a share of 95.31% of the total energy consumption. Modern agricultural greenhouses, with a covered area of more than 10 hectares each, located in northern Greece, producing tomatoes and other vegetables with hydroponic technology, use natural gas for covering their heating needs. The fuel is used for co-generation of heat and power. Generated electricity is injected into the grid with attractive feed-in tariffs; the co-generated heat covers the heating needs of the greenhouses. An experimental investigation on using non-conventional energy sources including biogas, solar energy and ground source heat pumps for heating greenhouses has been reported by Esen et al. (2013) . The authors stated that the plants in the experimental greenhouse required indoor temperature of 23 o C. They concluded that the energy sources tested were successful in maintaining the desired temperature. An experimental and economic analysis of a horizontal ground source heat pump system used for space heating has been reported by Esen et al. (2006) . The heating system was compared with conventional heating methods including electric resistance, fuel oil, liquid petrol gas, coal, oil and natural gas. The authors concluded that the ground source heat pump system was superior to all the conventional heating methods tested except the natural gas. A techno-economic comparison between a ground-coupled heat pump and an air-coupled heat pump used for space cooling has been reported by Esen et al. (2007) . The authors have compared the cooling performance coefficients of the two heat pumps systems and they concluded that the ground source heat pump was economically preferable.
The objective of the current work is to investigate the possibility of using waste heat from the lignite-fired power plants in northern Greece for heating agricultural greenhouses, examining the technical feasibility and the economic viability as well as the resulting environmental benefits. Modern agricultural greenhouses in northern Greece require heating in order to increase the productivity of the crops and the quality of the produced products. On the other hand the reduction of fossil fuels use as well as carbon emissions is an important global goal of our societies in 21 st century. Symbiosis of industrial with agricultural activities in northern Greece would promote circular economy improving the overall sustainability.
Initially data from the existing district heating systems in northern Greece utilizing waste heat from the lignite-fired power plants were used. Secondly the heating needs of modern greenhouses in this area are examined as well as the operation of a hydroponic greenhouse in northern Greece heated with geothermal fluids. Industrial waste heat re-use in heating greenhouses was compared with other non-conventional heating methods, including the use of renewable energy sources, to indicate its advantages and drawbacks. Based on those Vol. 10, No. 4; 2018 findings an appraisal of the technical feasibility and the economic viability of heating greenhouses with waste heat from the power plants in northern Greece was made. Finally the environmental benefits of the symbiosis of industrial with agricultural activities in this area have been assessed.
Use of Rejected Heat from Power Plants for District Heating in Northern Greece
Currently rejected heat from lignite-fired power plants in Greece is used for district heating in a few cities located in the northern part of the country. The public power company usually offers hot water, at temperatures around 120 o C, in municipalities located near to the existing power plants. This fact somehow offsets the high pollution in nearby urban areas created from the operation of the lignite power stations. Hot water is transported with well-insulated pipes to a central station and then it is distributed to various buildings in the town. The price of the rejected heat is low and therefore the municipality is able to offer low-cost heating and domestic hot water to the citizens. Use of waste heat from power plants results in improvements in their energy efficiency. It also eliminates the use of fossil fuels for heat generation as well as carbon emissions due to their use. Use of rejected heat from lignite power stations in agricultural activities has not been reported so far in Greece, although vegetable production greenhouses can utilize waste heat effectively for their space heating at low temperatures of 50-60 o C.
Heating Greenhouses with Non-Conventional Energy Sources
Heating Needs of Greenhouses in Northern Greece
Agricultural greenhouses mainly producing vegetables located in Northern Greece require heating during their operation, particularly in the winter. Their heating needs depend on the type of construction, the crop cultivated and the local climate. Indicative values for their heating loads are approximately 170 W/m 2 ; for their annual energy they demand 304 MWh per 1000 m 2 (Gousgouriotis et al., 2007) . The main fuels currently used for heating agricultural greenhouses in northern Greece are heating oil, natural gas with co-generation systems and low enthalpy geothermal energy. With the circulation of warm water at approximately 50 o C in plastic pipes placed on the ground among the plants, efficient heating of the greenhouse is obtained, maintaining the air indoor temperatures at 15-20 o C while the outdoor temperature is below zero. Use of natural gas with co-generation systems is currently a preferable method for heating in large modern greenhouses since the investment cost of the energy system is subsidized by the government. Additionally the electricity co-generated is sold to the grid operator with an attractive feed-in tariff guaranteed for many years. Finally exit gases produced containing CO 2 are recycled inside the greenhouse, enriching its atmosphere and increasing the crop growth. Therefore the production of vegetables in modern greenhouses is combined with on-site electricity generation increasing the overall profitability of the enterprise. The geothermal hydroponic greenhouse reported by Papachristou et al. (2016) in northern Greece was operating with inlet water temperature at 60 o C and outlet temperature at [30] [31] [32] [33] [34] [35] o C. For heating eight (8) ha of the greenhouse, the flow rate of the geothermal fluid exceeded 500 M 3 per hour and the heating power was 13.81 MWth. It has previously been mentioned that the lignite power plant in Ag. Dimitrios is providing waste heat at 70 MWth to the district heating system in Kozani. Assuming that each ha of a modern greenhouse in northern Greece requires for its heating 1.7 MWth (Gousgouriotis et al., 2007) , it is concluded that the same amount of heat could cover the heating needs of 41.2 ha of greenhouses.
Use of Non-Conventional Energy Sources
Apart from fossil fuels or electricity generated from them, various non-conventional energy sources have been used for heating greenhouses. They include either renewable energy sources or very efficient energy systems like: a) Use of geothermal energy, b) Use of biomass, c) Use of heat produced from co-generation systems fired either by fossil fuels or with biomass, and d) Waste heat re-use.
The main characteristics of the non-conventional energy sources used for heating greenhouses are as follows:
a) The technology used is rather simple and their technical feasibility is well proven, b) The systems are mature and cost-effective, c) They have significant environmental benefits consisting of a more sustainable approach for heating greenhouses, jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 4; 2018 d) Their use in greenhouses could be combined with electricity generation, e) In the case of geothermal energy, biomass and waste heat, the availability of the energy source is a prerequisite for their use, f) They utilize local and endogenous energy sources, g) In the case of waste heat re-use, rejected heat at low temperatures of 50-60 o C, which is difficult to be used in other applications, can be used in heating greenhouses, and h) In general, their use is promoted and subsidized by the public sector.
However in many cases there are various barriers hindering their use which should be removed. In recent years European policies are targeting in the promotion of the circular economy. This fact results in the symbiosis of industrial with urban and agricultural activities since the recycling of matter and energy improves the overall sustainability, reduces carbon emissions and mitigates climate change. Under these circumstances the industrial waste heat re-use for heating greenhouses consists of a challenging alternative to traditional heating methods.
Possibility of Using the Rejected Heat from Lignite-Fired Power Plants in Northern Greece for Heating Greenhouses
The possibility of using rejected heat from lignite power plants in northern Greece in order to heat greenhouses is assessed, examining both their technical feasibility and their economic viability. Experience for utilizing waste heat already exists in the area since the power plants provide hot water at 120 o C to the nearby municipalities in order to operate their district heating systems.
Technical Feasibility
The infrastructure for transporting hot water from the power plant to the greenhouses includes the construction of a well-insulated pipe placed under the ground coupled with a pumping system. The hot water temperature needed is approximately 50-55 o C while the return temperature would be approximately 30-35 o C. Incoming hot water will be circulated inside plastic pipes placed on the ground among the plants and heat will be transferred to the soil and to the air. In the case of a hydroponic culture the water solution as well as the air will be heated. The required temperatures are well below the water temperatures needed in the existing district heating system in Kozani town. Assuming a 20 o C drop in the water temperature inside the greenhouse and heating loads of 1700 KWth per hectare (Gousgourgiotis et al., 2007) , the hot water flow rate should be 73.18 M 3 per hour per hectare. This can be compared with a flow rate of hot water at 2300 M 3 per hour (140 MWth) (Pavlidis, 2017) in the district heating system in Kozani. An additional boiler for covering the heating peaks in the greenhouse, fueled with natural gas, oil or solid biomass, and possibly a well-insulated heat storage tank are required. The construction of the heat transport system, from the power plant to the greenhouse, does not present major technical difficulties and it is rather similar to a system transporting warm geothermal fluids from the production to the consumption site.
Economic Viability
The cost of conventional fuels, including oil, electricity and natural gas, used in heating greenhouses in northern Greece is presented in Table 1 . Additionally to the fuel cost the installation cost of the heating system should be estimated and taken into account in order to calculate the total heating cost. For high efficiency heating systems like heat pumps, the installation cost is significantly higher. In the case that industrial waste heat is utilized for heating greenhouses, the investment in a heat production system is not needed. Therefore there are no costs related to depreciation and annual maintenance of the heating systems. Comparison with the current price of heating in the district heating system in Kozani, which is 0.0435 €/KWh (Pavlidis, 2017) , indicates that the use of warm water from the lignite power plant for heating greenhouses is more economical than the use of conventional fuels. Natural gas has many advantages compared to oil since it does not need storage, it can be used for co-generation of heat and power and it is a less polluting fuel. Note. * Current price of natural gas in Greece.
Source: Vourdoubas (2015).
Environmental Impacts
Use of various fossil or non-fossil fuels for heating greenhouses results in environmental degradation depending on the type of fuel used. Use of oil, natural gas or electricity generated by fossil fuels results in carbon emissions. Use of solid biomass results in carbon emissions but due to the photosynthesis process it is assumed that net carbon emissions are zero. Additionally particulate matter is emitted with the flue gases. Use of geothermal fluids is usually combined with the rejection of dissolved salts or gases contained in the geothermal fluids. Industrial waste heat reuse has minimum environmental impacts if the hot liquid stream is cooling water. In the case that cooling water is reused instead of being rejected to a reservoir, apart from the energy gains, thermal pollution is avoided. At the same time the energy efficiency in the industry is increased. Therefore the environmental impacts due to the use of rejected heat from the lignite power plants for heating greenhouses in northern Greece include: a) Decrease of CO 2 emissions due to fossil fuels savings, b) Decrease of thermal pollution due to hot water disposal, and c) Increase of energy efficiency in the power plants.
The environmental impacts due to the use of various fuels in heating greenhouses are presented in Table 2 . 
Discussion and Conclusions
Lignite-fired power plants in northern Greece emit large amounts of waste heat which is currently partly utilized for district heating in nearby located towns. In recent years various modern greenhouses producing mainly vegetables have been constructed in northern Greece while further growth is foreseen. Climate conditions in this area necessitate the heating of the greenhouses during the winter which results in higher crops productivity. Natural gas from the central piping system is the preferable fuel for heating the greenhouses combined with co-generation of heat and power. If a geothermal spring is located near the greenhouse, geothermal energy is an attractive option for its heating. Low enthalpy geothermal energy with ground source heat pumps is an alternative heating and cooling option. Agricultural and forest biomass could also be used as a renewable fuel for heating them. Other renewable energy sources which could be used for heating greenhouses are solar thermal energy and biogas produced from a nearby landfill. Another option for heating greenhouses located near the power plants is the use of the rejected heat in the cooling water streams which should be considered as a cheap and environmentally friendly energy source. Water temperatures required for heating them are relatively low at approximately 50-60 o C compared to 120 o C used for district heating. Hot water transport can be achieved with well-insulated pipes and the temperature drop across the pipe is low. Compared with other fossil or renewable jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 4; 2018 fuels used in heating greenhouses, the use of the rejected heat from the existing power plants in northern Greece has many environmental and economic benefits. Among them it reduces the use of fossil fuels imported and the emissions of greenhouse gases due to their use. It could be combined with the use of energy saving techniques and technologies in modern greenhouses improving their overall energy behavior and increasing their environmental sustainability. Current European policies are targeting in the creation of nearly zero energy buildings. In the same way the creation of nearly zero energy agricultural greenhouses with nearly zero carbon emissions should be promoted in the near future. Taking into account the current price of energy recovered from the power plants and sold in the district heating system in Kozani, at 0.0435 €/KWh, it is concluded that the use of rejected heat for heating greenhouses is economically attractive and profitable. It has been assumed that for the climate conditions in northern Greece the heating requirements of a modern greenhouse are 1.7 MWth per ha. It has been calculated that industrial heat recovery at 70 MWth, like in the district heating system in Kozani, covers the heating needs of 41.2 ha greenhouses. Recycling of waste heat from the power plants and its use in greenhouses, due to the low heating cost, will offer a competitive advantage to modern greenhouse growers promoting these investments in northern Greece. Since industrial waste heat, despite being a well proven technology, has not been used so far for heating greenhouses in Greece, an innovative demonstrative greenhouse should be created in this area. Further work should be focused on the study of greenhouse heating from existing lignite power plants in other Greek territories like in Megalopolis, Peloponissos. Current work indicates that symbiosis of industrial with agricultural activities in northern Greece will promote the circular economy, resulting in economic and environmental benefits. Therefore it should be supported from the government through various initiatives.
